The usage of Ionic Polymer-Metal Composite (IPMC) actuator as the propulsor for underwater robot has been worked out by many scientists and researchers. IPMC actuator had been selected due to its advantages such as low energy consumption, low operation noise and ability to work underwater. This paper presents the fabrication and characterization of the IPMC actuator. The IPMC actuator samples had been fabricated using electroless plating for three different thickness and lengths. The characterization was conducted to determine the influence of the thickness, length, input frequency, drive voltage and orientation angle on the tip force and output frequency. The results show that IPMC thickness has significant influence on the tip force generation and lower input frequency would results wider displacement. The recorded results are essential as future reference in developing the propulsor for the underwater robot.
Introduction
Ionic Polymer-Metal Composite (IPMC) is regarded as one of the smart actuator that suits as a propulsor for various types of underwater robot, especially for biomimetic and small scale underwater robot. For instance, the biomimetic underwater robots that employ IPMC actuators as their propulsor are including fish robot, jellyfish robot and lobster robot [1] [2] [3] [4] . The main reason IPMC actuator had been selected was its ability to work underwater and requires low voltage to operate [5] [6] . IPMC actuator consumes low energy between 1V and 3V supply [7] . IPMC actuator has few other advantages such as low noise operation and large bending strain [8] . However, low actuation force compared to other smart actuators is the main constraint to be considered in the selection of the right actuator for a certain task. Thus, in this paper the performance of the IPMC actuator had been investigated by varying the dimension of the IPMC and the input parameters. The variation of dimension is including the thickness and length of the IPMC. The thickness would determine the stiffness and strength of the IPMC and the length would influence the displacement and frequency of the IPMC. The input parameters were the supply voltage, actuation orientation and input frequency. This studies focus on basic IPMC actuator without further treatment that would surplus the fabrication cost. The result of this research will be an useful reference to design propulsion system of the underwater robot.
shifted to the cathode. Accumulation of the similar charge molecule at this electrode cause electrostatic strain to the cathode. As the result, the entire beam would bend to the anode [11] . There are few factors that contribute to the strength of the bending force. These factors are the amount of the supply voltage, membrane thickness, type of the alkaline metal in the ionomer, number of ionomer and type of the electrode metal. In general, among the alkaline metals that form the ionomer, Li + has the strongest charge and therefore could bend the IPMC at higher force relatively to other alkaline metals [12] . Meanwhile, the type of electrode metal is essential too, whereby it is important to ensure the low resistivity ratio during actuation and rest state. Basically the resistivity of the electrode increases during actuation and this condition reduces the actuation force. In order to overcome this matter, typically researcher will coats the electrode with gold layer which would provide more ductility to the electrode and retains the conductivity of the electrodes [9] . Membrane thickness would determine the stiffness of the actuation. Thicker membrane provides more ionomer and water molecules that would generates more actuation strength but at the same time increasing the stiffness of the actuation. As the result, the displacement of the actuation will be reduced [11] [12] . In typical application, the actuator is in cantilever beam form. In this form, the actuation force could be maximized and focus at one end point compared to other geometrical dimension. Thus, the bending model based on Euler-Bernoulli theory of this actuator could be derived as;
where F(z,t) is the applied load, E is the Young Modulus, I is the moment inertia and ω is the radial deflection. As this actuator will be utilized in water, the damping ratio, C and inertia of the actuator were considered. As the consequent, Eq. 1 becomes Eq. 2;
The inertia of the actuator could be derived as the multiplication of density, ρ m , area, A act and deflection differentiation.
Advantages and Limitations. IPMC actuator requires water to operate and thus it is suitable for underwater application. Generally it consumes low supply voltage, between 1V and 3V, but in certain application it requires up to 4V supply voltage [12] [13] . Electrolysis occurs on the electrode surface at 1.22V and higher than 4V supply voltage would damage the electrode [11] . IPMC inherits polymer characteristics. Therefore it is light, has high strain actuation and could be shaped into certain form [8] . Another indicator that has been always referred in selecting an actuator is the actuating force-to-weight ratio. IPMC has good actuating force-to-weight ratio [14] . Among other smart actuator, IPMC provides low actuating force which is between 3gf and 10gf depending on the few factors as discussed above. Hence, in general IPMC actuator would fit for propulsor of small scale underwater robot.
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Fabrication and Characterization Process
Fabrication process. Basically there are two major processes of to fabricate the IPMC actuator. Those processes are base membrane preparation and noble metal deposition process. Noble metal deposition process consists of another two stages which are primary plating and secondary plating. Generally the noble metal deposition process could be divided into two methods which are the chemically electroless plating and physically metal deposited process [9] . Chemically electroless plating is the most adapted method by many researchers because of cost and flexibility reasons. In this research, we adapted chemically electroless plating. Nafion 117 (Sigma Aldrich) had been selected as the base material and platinum (Sigma Aldrich) as the noble metal for the electrode. The platinum salt is deposited into the membrane using sodium borohydrate (Sigma Aldrich) as the reducing agent. The electroless plating process was conducted using water bath (Wood Yellow, WY-285). The reducing agent was added gradually at a controlled temperature into the solution to avoid any explosion risk from the reaction between the reducing agent and the water. The starting temperature is 40°C and end at 60°C. 0.2g sodium borohydrate will be added for every half an hour. The chemical reaction that occurred during this process is depicted in Eq. 
The secondary plating process was carried out to increase the intensity of the deposited platinum layer by adding stronger reducing agent. Hydroxylamine hydrochloride 20%wt and Hydrazine Hydrate 5%wt (both from Sigma Aldrich) had been utilized as the reducing agents. In this process, again the reducing agent had been added gradually for half an hour from 40°C to 60°C using the water bath.
Characterization process. Three IPMC actuators samples with different thickness; 190µm, 360µm and 450µm were prepared. Those samples had initial length of 50mm and 10mm width. The three observed outputs in the characterization process were actuating force, actuation displacement and output frequency. The IPMC electrodes were connected to a power supply (GW Instek PSM-3004). The drive voltage was set as 1V, 2V, 3V and 4V to observe the influence of the voltage on the actuating force. A load cell (Transducer techniques, 30gm) was attached to the tip of the IPMC actuator to measure the tip force (Figure 3 ). Data was taken for different drive voltage and actuator's orientation (Figure 4 ). The data from this load cell was logged, displayed and monitored using NI-DAQmx software. In order to varies the length, the IPMC samples were cut to 20mm, 30mm, 40mm and 50mm. For frequency characterization, the sample was attached to a sweep function generator (GFG-8015G) at square wave 3V supply and being amplified by customized amplifier to increase to power. The input frequency was set at 0.1Hz, 0.5Hz, 1.0Hz, 1.5Hz and 2.0Hz. A video camera with 30fps was utilized to record the displacement and the output frequency. 
Results and Discussion
As exhibited in Figure 5 , the result shows that the actuating force increase in linear trend as the driving voltage is increased. However, the reading indicates greater actuating force for a thicker IPMC actuator. The actuating force increase exponentially as thicker IPMC actuator shows bigger 718 Materials Engineering and Automatic Control III slope of the graph. For instance, at 4V, the 450μm thick IPMC actuator has almost 1.8gf actuating force compared to 0.1gf for 190μm thick. That's mean by increasing the IPMC thickness up to 58% would increase the actuating force up to approximately 94%. Definitely, thicker IPMC actuator has Figure 5 : Actuation force at different drive Figure 6 : Actuation force at different voltage actuator orientation more charged ionomer and thus is able to attach more water than a thinner IPMC actuator. The big ionomer number has increased the actuating strength of the IPMC. The changes of actuator's orientation would also vary the actuating force. As depicted in Figure 6 , the top actuator orientation shows the highest actuating force and the bottom orientation has the lowest actuating force. This is because of the top actuation works in the same direction with gravity force and the bottom orientation actuation against the gravity direction. On the other axis in Figure 8 exhibits that shorter IPMC actuator would generate greater actuating force. However, the shorter IPMC actuator has lower displacement as the trade off to the actuating force ( Figure 7 ). Longer IPMC actuator has greater actuation displacement. Greater actuation displacement could also be achieved by reducing the input frequency. Figure 8 presents the relation between the input frequency, IPMC length and its displacement. Lower input frequency has greater actuation displacement. A higher input frequency would limit the accumulation time of the mobile cation at the cathode and thus reducing the displacement magnitude. In Figure 8 , the relation between the output frequency and the input frequency at different IPMC actuator length is displayed. From this graph, it is obvious that longer IPMC actuator has higher output frequency compared to the shorter IPMC actuator. However, this value is depending on the input frequency. It seems like at different IPMC length, the relation trend between the input frequency and the output frequency is dissimilar. 
Conclusion
The results of fundamental characterization such as actuating force versus IPMC length, thickness and driving voltage shows similar trend with the previous works done by other researchers. However, the exact magnitude of those results might be distracted according to different objective and method of the experiments. For instance, some of the researchers focus on increasing the actuating force and displacement by varying the metal of the IPMC electrode or varying the ionomer's alkaline metal but this work would increase the fabrication cost such as the utilization of gold plating. Most of the investigation focus on varying the dimension of the IPMC actuator and observed its relation with the targeted output. From the results, it could be concluded that increasing the IPMC thickness would increase the actuating force tremendously. Longer IPMC actuator has greater actuating force compared to the shorter one but this character needs to be traded off with the displacement. In addition, shorter IPMC actuator has higher output frequency if relatively compared to longer IPMC actuator.
